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Method and Implementation of a Traceback-Free Parallel 
ViTERBi Decoder 



background of the present invention 

The present invention relates to implementations of the Viterbi algorithm, 
especially implementations that paralleHze some of the steps of the Viterbi 
algorithm. 

Viterbi decoding was developed by Andrew J. Viterbi. The seminal paper 
on the technique is "Error Bounds for Convolutional Codes and an Asymptotically 
Optimum Decoding Algorithm" published in IEEE Transactions on Information 
Theory, Vol. IT-13, pages 260-269, in April 1967. Viterbi decoding has been 
found to be optimal when the channel of the transmitted signal is corrupted by 
additive white Gaussian noise (AWGN). AWGN is noise whose voltage 
distribution over time has a characteristic that can be described using a Gaussian 
distribution (normal statistical distribution or bell curve distribution). 
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The Viterbi algorithm uses a trellis which restricts the number of state 
transitions. In the Viterbi algorithm, each new state has a specified number of 
possible state transitions from previous states. A branch metric comparing a 
selected value to an ideal value for a transition is calculated for each transition. 

5 The branch metric value is combined with a prior state path metric value, in order 
to produce updated candidate path metrics. For each new state, the candidate path 
metric with the lowest value is selected. An indication of the selected transition 
into the new state for that symbol is also stored. 

Fig. 1 shows a conventional block diagram of a conventional Viterbi 

10 algorithm. In block 22, a branch metric calculation is done. The branch metric 
calculation compares the actual received value with the ideal received value for 
different symbol transmissions. In a binary symbol encoding system, for example, 
one of the transitions going into a state corresponds to the transmitted symbol "0, " 
and one of the transitions corresponds to the transmitted symbol "1." The 

15 difference between the input symbol value and the value that would be received in 
the ideal case if a " 1 " is transmitted is the branch metric for the " 1 " transition and 
the difference between the received sample value and the ideal value if a "0" is 
transmitted would be the branch metric for the other branch. The branch metrics 
are added to the old value of the path metric for the source states. The two new 

20 candidate path metrics are compared to select the smallest (lower-energy) path 
metric. Unit 24 is typically called an add-compare- select (ACS) unit. The 
updated path metrics are stored in a path metric memory 26. In the system of Fig. 
1, when the new path metric is produced, a traceback pointer is stored in the 
traceback pointer memory 28. The traceback pointer indicates the transition into 

25 the new state for one symbol. Trackback pointers are stored for every state of 
every symbol. 

In the simplest state, the convolution encoder is reinitialized to an all-zero 
state at the end of a transmitted block of data. This typically means that at the 
receiver, state "0" is assumed to be the correct state after the transmission of the 
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block. In the traceback algorithm, the data for each symbol transmitted needs to 
be examined to determine the transition of the decided path. This typically is a 
serial operation which takes at least as many steps as symbols within the 
transmitted block. 

5 It is desired to have an improved method which speeds up the operation of 

the Viterbi algorithm. 

SUMMARY OF THE INVENTION 
One embodiment of the present invention comprises a Viterbi algorithm 
using an optimal path value generator for each state in the trellis, the optimal path 

10 value indicating more than one transition of the selected trellis path. This optimal 
path value can then be used to determine the output in fewer steps than the 
conventional traceback. In a preferred embodiment, the old optimal path for the 
source state transitioning into the new state is appended with new data indicating 
the selected state to produce the new optimal path value. The first selected optimal 

15 path value will indicate the best estimate of the transmitted symbols. 

One embodiment of the present invention comprises a method of 
implementing the Viterbi algorithm comprising calculating branch metrics for 
branches of the Viterbi trellis, combining branch metrics with old path metrics to 
produce candidate path metrics, selecting a new path metric associated with a 

20 selected trellis path for each state in the trellis from the candidate path metrics, and 
composing an optimal path value for each state in trellis, the optimal path value 
indicating multiple transitions of the selected trellis path. 

Another embodiment of the present invention is an apparatus to implement 
the Viterbi algorithm comprising a path metric storage adapted to store a path 

25 metric associated with a selected trellis path for each state in the Viterbi trellis, a 
path update unit adapted to update each path metric, an optimal path value storage 
adapted to store an optimal path value for each state in the trellis, the optimal path 
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value indicating multiple transitions of the selected trellis path, and an optimal path 
value update unit adapted to update each optimal path value. 



BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a diagram of a conventional Viterbi algorithm system. 
5 Fig. 2 is a diagram illustrating a system which constructs optimal path 

values for each state in the Viterbi trellis. 

Fig. 3 is a diagram of one example of an optimal path update of one 
embodiment of the present invention. 

Fig. 4 is a diagram of an example of a 16-state Viterbi trellis. 
10 Fig. 5 is a diagram of the calculations which are done for each state and 

each symbol in the system of one embodiment of the present invention. 

Figs. 6 A - 6C are diagrams that illustrate the time improvement which can 
be obtained with the system of the present invention. 

Fig. 7 is a diagram that illustrates one embodiment of an implementation of 
15 the optimum path memory in one embodiment of the present invention. 

Fig. 8 is a flow chart that illustrates the parallel operation of the new path 
metric calculation and new optimal path calculations in one embodiment of the 
present invention. 

Fig. 9 is a diagram that illustrates a reconfigurable chip system which can 
20 be used to advantageously implement the parallel Viterbi algorithm of the present 
invention. 

Fig. 10 is a diagram that illustrates an example of a 1/4 convolution 
encoder. 

Fig. 11 is a diagram of an example of an optimal path update unit for one 
25 implementation of the present invention. 

Fig. 12 is a diagram of a branch metric calculation circuit in one 
embodiment of the present invention. 
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Fig. 13 is a diagram of an add/compare/subtract circuit used with one 
embodiment of the present invention; 

Fig. 14 is a diagram of a path metric update circuit of one embodiment of 
the present invention. 

Fig. 15 is a diagram of an optimal path value construction unit of one 
embodiment of the present invention. 

Figs. 16A and 16B are diagrams illustrating a "ping-pong" memory 
embodiment of Fig. 6C. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
Fig. 2 is an example of a block diagram of the parallel Viterbi algorithm 40 
used in the present invention. The branch metric calculation block 22', path 
metric update 24' and path metrical store 26' operates as in the conventional 
Viterbi unit. 

The optimal path update block 42 produces optimal path data for each state 
in the trellis. The optimal path value indicates transitions in the minimum-energy 
path from the beginning of the block to that trellis state. To update the optimal 
path, optimal paths for the source states transitioning into the current trellis state 
are loaded into the optimal path update 42 from the optimal path memory 44. 
New data indicating the selected transition into the trellis state is appended to the 
end of the optimal path value of the selected prior state. Evenmally, after all the 
blocks of the symbols are transmitted, the optimal path memory 44 for the lowest 
energy state will indicate the optimal padi through the trellis for all the symbols 
and thus be able to be used to determine the output symbols. In a preferred 
embodiment, the "new data" appended for the optimal path value indicates the 
transmitted symbol. 

Note that the traceback operation is significantly sped up. In one 
embodiment, if the optimal path value is stored in the memory without being 
fragmented, the read-back could take a single step. As will be described below 
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with respect to Fig. 7, in a preferred embodiment, the optimal path value will be 
fragmented and placed into multiple memory blocks to simplify processing; 
however, the operation of the traceback is still significantly sped up. 

Fig. 3 illustrates the operation of an optimal path update unit 50 of one 
5 embodiment of the present invention. Previous optimal path values of the source 
states into the current trellis state are loaded from the optimal path memory 52. 
As will be described below, this loading of the previous optimal paths can be done 
in a preloading step. Multiplexer 54 is used to select the desired previous optimal 
path using the traceback pointer value produced by the path metric update unit. 

10 The traceback pointer is an indication of which of the transitions into a state is 
selected in the ACS operations of the path metric update unit. The optimal path 
constructor unit 56 appends "new data" to the old optimal path. In a preferred 
embodiment the new data is shifted into the least significant bits. The new data 
determinator 58 determines the "new data. " In one embodiment the new data is 

15 data indicative of the estimated value of the transmitted symbol. This also gives an 
indication of the preferred transitions in the selected trellis path. The number of 
previous optimal paths selected from is determined by the number of transition 
paths going into a single state in the trellis. For binary transmission systems, two 
transitions are used, and a single bit of new data is added to the optimal path 

20 value. For quatranary transmission systems, four previous optimal paths (prior 
states) are selected from, and two bits of new data appended to the optimal path 
value. 

Block 60 indicates a prior state determination used to produce the prior 
state addresses into the optimal path memory. Note that the prior states for the 
25 optimal path update are the prior states which are needed for the path metric 
update in the path metric update portion of the Viterbi algorithm. Thus, the 
addressing systems of the two portions can be shared. 

Fig. 4 illustrates a 16-state convolution encoder state transition graph for a 
rate one-half convolution code. Fig. 1 illustrates an example of a transition 



calculation for one embodiment of the present invention. Note that the new state 
So can have a previous state So or S8. In the Viterbi algorithm of the present 
invention, a branch metric is calculated for each transition between the states. The 
branch metric is calculated for each of the possible transitions between states in the 

5 trellis. In this example, the branch between old state So and new state So has a 
branch metric of 1. The branch between the old state 88 and new state So has a 
branch metric of 3. After the calculation of the branch metric, the branch metric 
is added to the prior path metric of the old state to produce two candidate path 
metrics. One of the candidate path metrics corresponding to the transition between 

10 state So and state So has the path metric of 6; the other candidate path metric 
corresponding to the transition between old state SB and new state So has a 
candidate path metric of 16. Since the path metric of 6 is less than candidate path 
metric 16, the new path metric is selected as 6, and the selected transition is a 
transition between old state So and new state So. 

15 Looking again at Fig. 5, the old state Sq had a prior optimal path of 

"...1011," whereas the old state Sg has a prior optimal path of " . . . 1100 . " The 
optimal path associate with old state as "0" if shifted one bit to allow the new data, 
"0," indicative of the transition between the state Sq and sO to be added to the 
produce a new optimal path "...10110." 

20 Fig. 5 makes it clear that updating the optimal path values is 

computationally intensive. Thus, the method of the present invention doesn't make 
much sense on a single processor system. However, if the optimal path update can 
be parallelized with the new path state update, the improvement of the serial 
traceback speed at the end will improve the total of the entire algorithm. This is 

25 illustrated in Figs. 6 A and 6B. 

Fig. 6A illustrates the conventional algorithm in which the serial traceback 
72 is done after the path metric calculations. In the system of the present 
invention, while the path metric calculations 70' are done, the optimal path 
calculations 74 are done in parallel. Even though these optimal path calculations 
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74 are extensive — in fact, much more extensive than the traceback calculations 72 
shown in Fig. 6 A — the total time is reduced. 

Fig. 6C shows an embodiment in which the readout steps are done in 
parallel with the processing steps for the next block of symbols. This further 
5 speeds up the operation of the Viterbi algorithm. The readout operation can 

operate on a previous optimal path value memory while the current optimal path 
value memory is accessed by the optimal path value update operation. 

Figs. 16A and 16B show a "ping-pong" memory that can be used with the 
system of Fig. 6C. In Fig. 16A, memory 140 is used in the optimal path value 

10 update for symbol block A. Looking at Fig. 16B, after the optimal path value for 
symbool block B is completely loaded into memory 140', the function of memories 
140' and 142' flip. Memory 140' is used for the readback and memory 142' is 
used for optimal path value update. 

Fig. 7 illustrates one embodiment of the present invention wherein the 

15 optimal path memory is broken into a number of smaller memory blocks. The 
breaking of the memory into a number of smaller memory blocks allows the 
processing to be done on smaller sized optimal path value fragments, rather than 
the entire optimal path value. In this embodiment, the updated optimal path 
fragments are written into a memory block. For example, in one embodiment, the 

20 memory block 82 is written into first. When the memory block 82 is filled with 
data, the next memory block 84 is written into. This is done until memory block 
86 is written into, such that all optimal path data for the entire block of transmitted 
symbols is stored. The current block pointer 90 tells which of the memory blocks 
to write the updated path value fragments into, and from which memory block to 

25 obtain the optimal path fragments of the prior states. Note that in a preferred 

embodiment, the optimal path value fragment stored in each of the filled memory 
blocks is not later modified. In this preferred embodiment, the system produces a 
pointer to the address in the previous memory block of the next fragment of the 
optimal path for a state. Once a memory block is filled, that fragment of the 
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optimal path will remain at the same address corresponding to the state of the 
trellis when the block is filled. 

In one embodiment, the address pointer can be directly determined from 
bits within the previous optimal path value fragment. Looking at Fig. 10, the 
5 information bits are read into the convolution encoder which is implemented as a 
shift register. The optimal path value for the selected lowest energy state will, in a 
preferred embodiment, be the transmitted symbols of data. Consider the situation 
where the transmitter and the convolution encoder have transmitted symbols 
corresponding to a given state. When a memory block is filled up, the address of 

10 the optimal path fragment stored in the memory block will be at the address 

corresponding to the state of the convolution encoder when the block is filled up. 
The next bits transmitted from the convolution encoder are then decoded and 
placed in the optimal path value fragment stored in the next memory block. These 
next bits will also give the address of the previous optimal path fragment in the 

15 previous memory block. 

When a full symbol block is transmitted, the optimal path corresponding to 
the state with the lowest path metric is selected. In some embodiments, the block 
of data is stuffed with zeros to cause the final state of the transmitted block of 
symbolsto be state zero. The optimal path value fragment from this state is read 

20 out from the memory block 86. The most significant bits of this optimal path 

fragment will indicate an address of the fragment in the memory block 85. This 
optimal path value fragment is then read out and the most significant bits point to 
the optimal path value fragment in the prior memory blocks, and so on. This is 
done until all of the optimal path value is read out of the memory blocks. 

25 By breaking the optimal path value into optimal path fragments, the 

memory stores and optimal path value operations shown in the previous figures 
can be more efficiently done. In this embodiment, a number of optimal path value 
fragment reads equal to the number of memory blocks are done. In one 
embodiment in which there are 192 symbols in a block and each memory block is 
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set up to be 32 bits wide, six memory blocks are used to implement the optimal 
path memory. 

In an embodiment in which the most significant bits in the optimal path 
fragment do not effectively act as a pointer to the address in the prior memory 
5 block, bits can be stuffed into the memory blocks in order to act as such a pointer. 
The downside of this embodiment is that it may increase the number of memory 
blocks required. 

Fig. 8 illustrates a flow chart illustrating the operation of the parallel 
Viterbi method of the present invention. In the path metric calculations 98, the 

10 branch metrics for a state transition are calculated in step 100. In a preferred 

embodiment in which the convolution encoder is zeroed out at the end of a block, 
the system knows that the previous state is state zero. In step 102, the candidate 
path metrics are calculated by adding the calculated branch metrics to previous 
path metric data. In step 104, a new path metric is selected. This new path metric 

15 can be then stored in the path metric storage. Step 106 determines whether every 
state for a symbol has had its path metric updated. If not, the system goes, in step 
108, to the next state in the trellis. After every state for a symbol is checked, in 
step 1 10 it is checked whether every symbol in the block has been operated on. If 
not, the next symbol is moved on to in step 112. 

20 The optimal path calculation 1 14 preferrably operates in parallel with the 

calculation of the new path metric. In step 116, the construction of the path metric 
produces an indication of the traceback pointer. This traceback pointer allows for 
the determination of the new data in step 116, and the updating of the optimal path 
in step 118. The steps 120 effectively duplicate the steps 105. For this reason, 

25 indications from the calculation of the new path metrics can be used to update the 
next data and the next symbol. In one embodiment, in order to speed up the 
operation of the steps 116 and 118, the previous optimal paths are preloaded in a 
step 122. The previous optimal path values can be then updated in the updating 
step 118. Note that the calculation of the optimal path can be quite 
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computationally intense, requiring calculations for every trellis state in each 
symbol period. Thus, if there are 256 trellis states and 192 symbols in the block, 
the number of updates of the optimal path in the calculation steps 1 14 is 256 x 
192. Due to the parallelism, calculation 114 steps are in fact done at the same 

5 time as new path metric block calculation steps 198. Thus, the readout of the 

optimal path in step 124 can be made much quicker than the traceback technique 
done in the prior art, reducing the total calculation time. 

Fig. 9 illustrates a reconfigurable chip. In the reconfigurable chip, 
background and foregoing planes of configurations, such as the configurations 

10 used in the Viterbi algorithm, can be loaded to configure the reconfigurable fabric. 
In this system, the resources of the reconfigurable fabric are typically fixed. Thus 
there can often be a situation in which the configuration used to calculate the path 
metrics leaves enough fabric resources to allow the implementation of the optimal 
path updating logic. This means that the optimal path updating logic can be 

15 implemented without requiring the use of an additional reconfigurable chip. Thus 
the time savings in using the optimal path value construction can be produced 
without a resource penalty. Note that this might not always be the case. 

Fig. 10 illustrates an example of a convolution encoder in a transmitter. 
The bits in the linear shift register correspond to the state of the Viterbi trellis. 

20 The system shown in Fig. 10 is a one-fourth convolution encoder in which four 

output bits are provided for each input bit. As each new information bit is put into 
the convolution encoder of Fig. 10, the linear shift register of the convolution 
encoder can go into only two new possible states. This corresponds to the two 
possible transitions in the Viterbi trellis. Each transition is associated with a new 

25 input information bit, which causes the state transition. These two different states 
of the convolution encoder cause the four output signals, CO, CI, C2 and C3, to 
be one of two different patterns corresponding to the two different possible states. 
At the detector, the four signals C0-C3 are transmitted and received. Estimates of 
the value for C0-C3 are then produced. Since the convolution encoder can be in 
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only two states, the detector can calculate the ideal values for C0-C3 for both of 
the two states. The deviation of this ideal value of C0-C3 from the real values of 
C0-C3 are used to produce the error signal or branch metric for each of the 
transitions in the trellis, as is shown in more detail in Fig. 12. 
5 In a preferred embodiment, each block of symbols ends in enough states to 

clear the convolution encoder into state "0." This means that the final state of a 
block is state "0," and the optimal path value for state "0" can be selected at the 
end of the block. Other Viterbi implementations require the use of the lowest total 
path metric to select the correct optimum path value. 

10 Fig. 11 illustrates the optimal path memory update 

algorithm block diagram of one embodiment of the present invention. Looking 
again at the convolution encode example of Fig. 10, note that if there are k states 
in the convolution encoder and the convolution encoder is in state m, the next 
possible states are (2m} mod 2^ or (2m + l) mod 2" . From the current state n it 

15 is possible to determine the previous states in a similar manner. The previous 
state p is equal to the values of bits in registers SI - S7 shifted into locations SO - 
S6 with a zero or a one in the SO position. This corresponds to the previous 
memory state: p is equal to the floor function of n/2 or the floor function of 
n/2 + 2*"^ The addressing for the previous optimal path selection and for the 

20 previous path metrics is determined in this fashion. 

Looking again at Fig. 11, the optimal path value or optimal path value 
fragments are sent to a multiplexer. The traceback pointer produced by the 
add/compare/select unit is used to send the selected optimal path value or optimal 
path value fragment into a unit that adds the new bit into the least significant bit 

25 and shifts the other bits. This is now used as the new optimal path value for the 
memory state n. 

Fig. 12 illustrates the branch metric calculation circuit. Note that for 
binary phase shift keying (BPSK), a "1" is transmitted as a positive one and a "0" 
is transmitted as a negative one. In the detector, a 16-bit detected value for each 
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transmitted code C0-C3 is created. In the ideal case these detected values would 
be either one or negative one but, due to noise and other effects, there can be a 
significant variation in the detected signal strengths. The deviation of four 
detected signals X0-X3 from the ideal values of the transmitted C0-C3 signals for a 
5 transition in the trellis is used to determine the branch metric. Details of one 
embodiment of the branch metric calculation are given in the Appendix. 

Fig. 13 illustrates a general add/compare/ select circuit used in one 
embodiment of the present invention. 

Fig. 14 illustrates another path metric state update circuit. 
10 Fig. 15 illustrates an implementation of a single optimal path value update 

circuit. 

Details of the implementation of the parallel Viterbi algorithm on a 
reconfigurable chip is given in the Appendix entitled Design and Implementation 
of a Parallel Viterbi Decoder . 

15 It will be appreciated by those of ordinary skill in the art that the 

invention can be implemented in other specific forms without departing from the 
spirit or character thereof. The presently disclosed embodiments are therefore 
considered in all respects to be illustrative and not restrictive. The scope of the 
invention is illustrated by the appended claims rather than the foregoing 

20 description, and all changes that come within the meaning and range of equivalents 
thereof are intended to be embraced herein. 
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Claims : 

1. A method of implementing the Viterbi algorithm comprising: 
calculating branch metrics for branches of the Viterbi trellis; 
combining branch metrics with old path metrics to produce candidate path 

metrics; 

selecting a new path metric associated with a selected trellis path for each 
state in trellis from the candidate path metrics; 

composing an optimal path value for each state in trellis, die optimal path 
value indicating multiple transitions of the selected trellis path. 

2. The method of Claim 1 wherein the optimal path value is comprised of 
optimal path value fragments 

3. The method of Claim 2 wherein the optimal path value fragments are 
stored in memory blocks. 

4. The method of Claim 1 further comprising using the optimal path value 
to determine an output value. 

5. The method of Claim 4 wherein the optimal path value for the lowest 
state of the Viterbi trellis at the end of a block of symbols indicates the transmitted 
symbols in the block. 

6. The method of Claim 4, wherein the optimal path value for state zero 
indicates the transmitted symbols in a block of symbols. 

7. The method of Claim 1 wherein the new data added to the optimal path 
indicates a new decoded bit. 
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8. The method of Claim wherein the new data is a new data bit. 

9. The method of Claim 1 wherein a traceback pointer is used to select 
between two prior optimal path values. 

10. The method of Claim 9 wherein the old optimal path values are 
selected 

from optimal path values for states that can transition into current state. 

1 1 . The method of Claim 9 wherein the new data is added to the selected 
optimal path value of the prior state. 

12. The method of Claim 1 wherein the Viterbi algorithm is implemented 
in a reconfigurable chip. 

13. The method of Claim 1 wherein the new path metric selecting and 
optimal path value composing steps operate in parallel, 

14. An apparatus to implement the Viterbi algorithm comprising: 

a path metric storage adapted to store a path metric associated with a 
selected trellis path for each state in the Viterbi trellis; 

a path update unit adapted to update each path metric; 

an optimal path value storage adapted to store an optimal path value for 
each state in trellis, the optimal path value indicating multiple transitions of the 
selected trellis path; and 

a optimal path value update unit adapted to update each optimal path value. 

15. The apparatus of Claim 14 further comprising an output unit adapted 
to use an optimal path value to determine an output value. 
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16. The apparatus of Claim 15 wherein the output value produces the 
optimal path value for the state with the lowest path metric. 

17. The apparatus of Claim 14 wherein the updating of multiple states, 
path metrics and optimal path value are done at the same time. 

18. The apparahis of Claim 14 wherein the path metric update and optimal 
path value update operates in parallel. 

19. The apparatus of Claim 14 implemented on reconfigurable logic. 

20. The apparatus of Claim 19 wherein the optimal path updating uses 
resources not required for the path metric update unit. 

21. The apparams of Claim 14 wherein no serial traceback operation is 
required. 

22. The apparams of Claim 14 wherein the optimal path value storage is 
separated into multiple memory blocks. 

23. The apparams of Claim 22 wherein the optimal path value comprises 
optimal path fragments stored in the memory blocks. 

24. The apparams of Claim 23 wherein the optimal path value updating 
unit operates on optimal path value fragments to update the optimal path value. 

25. The apparams of Claim 23 wherein, during the readback operation, the 
optimal path fragment from one memory block is used to determine a pointer to an 
optimal path fragment in another memory block. 
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The traceback operation for a Viterbi algorithm can be minimized by 
producing optimal path values for each state in the trellis, and updating the optimal 
path values at each state for each symbol. The optimal path value can be used to 
quickly determine the output values for the system without requiring a traceback 
which would typically require a memory read for each transmitted symbol. 
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1 .0 Overview 

This paper outlines the design and implementation of a parallel Viterbi decoder that decodes the 
convolutional codes such as those used in iS-95 and IS-2000 CDMA systems. This design maintains the 
decoder functionality, but it deviates from the traditional Viterbi decoders in several areas: 

• The structure of the generator polynomials in the convolutional code has 
been exploited in order to optimize the decoding process for parallel imple- 
mentations. 

• The individual branch metrics, although unique, are related. Some of the 
branch metrics must be calculated while others may be implied. By leverag- 
ing the structure of the generator polynomials in the convolutional encoder, 
the branch metric calculations are simplified. 

• The path metric update calculations are performed in parallel to reduce path 
_ metric update times. 

• A new memory stnjcture has been added to the decoder that eliminates the 
need to perform a serial trace back through the decoder states in order to 
obtain the best estimate of the transmitted data. This new memory structure 
eliminates the need to store traceback pointers for each of the individual 
states. Rather than storing traceback pointers for each state, this design 
stores the maximum likelihood transmitted path into each of the states. 

• In order to further reduce the overall computational time of the decoding pro- 
cess, the branch metric calculations and the path metric operations are pipe- 
lined so that they may operate in parallel. While the path metrics are being 

- - updated for one symbol, the decoder simultaneously computes the branch 

metrics for the next. 

1.1 Terminology 

The following symbols will be used is the description of the Viterbi decoder: 

K Constraint Length, equal to one more than the number of state variables 

Ng Number of states. 

MLD Maximum Likelihood Decision 

ACS Add, Compare, Select. 

BIVI Branch Metrics 

PM Path Metric 
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2.0 Theory of Operation 

2.1 Convolutional Encoder 

This paper outlines the implementation of a constraint length .9 (K = 9), rate 1/4 convolutional 
encoder. lS-2000 defines rate 1/2, rate 1/3, rate 1/4 convolutional encoders. As an example the K = 9, rate 
1/4 convolutional encoder of the IS-2000 system will be used. 

The generator functions for ttie rate 1/4 code are defined as: 

Go(D) = 1 + D + + + D'^ + + Gq = 765 (octal) 

Gi(D) = 1 + D + + D^^ + + G^ = 671 (octal) 

G2(D) = 1+ + + + G2 = 51 3 (octal) 

G3(D) = 1 + + D"^ + + + D° G3 = 473 (octal) 

The state of the convolutional encoder is initialized to state zero before the first output symbol is 
transmitted. Each infomnation bit is encoded into four output code symbols, Cq, c-j , C2 and C3, are transmitted 
independently (BPSKforthe example of IS-2000) starting with Cq. lfCn=0, maps to the -1 symbol, while Cn=1 
maps to the +1 symbol. Figure 2-1 shows the structure of the K=9. rate 1/4 convolutional encoder. 



Figure 2-1. K =9, Rate 1/4 Convolutional Encoder 
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2.1.1 Block Convolutional Encoder 

in many transmission systems, ttie transmitted symbols are divided into fixed blocl< sizes, if tiie 
system has extra bandwidtln, the decoder design may be simplified by appending extra zeroes (tail bits) to 
the end of the data bits in the transmitted block. If enough tail bits are transmitted, the convolutional encoder 
will be forced back to the zero state at the end of the block. This number of bits is defined by Ntaiibits = '°g2(K 
- 1), where K is the constraint length of the convolutional code, if the convolutional encoder is forced to the 
zero state at the end of the block, the decoder does not need to search for the minimum energy state at the 
end of a block, it is already known to be zero. The example of this paper shows the implementation of a 
block convolutional encoder/decoder, but the core of the design may be used in either a streaming or fixed 
block mode. 

2.2 Channel Noise Model 

The noise introduced by the transmission mediums, such as line-of-sight terrestrial channels can 
be accurately modeled by me additive white Gaussian noise (AWGN) model. The demodulated symbol, Yp, 
may be represented by a random noise component added to the original transmitted signal, X^. 

Figure 2-2. AWGN Model 



Transmitted 
Symbol 




The probability density function of the Gaussian noise with nonzero mean and variance a for a 
single dimensional signal is given by: 



where a is the root-mean-square value of the noise voitage and Yq is the mean or dc value. We see 
that the probability density function is a function of (Yn - Yo)2. This squared relationship is the basis for using 
the square of the Euclidian distance as the branch metric function. The other terms In the probability density 
function may be ignored for use in the branch metric calculation because they will be common to all of the 
metrics and only introduce a scaling or DC offset effect. 
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2.3 Viterfai Decoder 

The Viterbi algorithm, originally published in 1 967 is a maximum likelihood technique. Convolutional 
encoding with Viterbi decoding has become one of the most widely used forward-error-correction (FEC) 
techniques. The following sections give a genera! description of the Viterbi decoding algorithm. A detailed 
explanation of the Viterbi decoding algorithm is beyond the scope of this paper, but may be found in many 
communications texts. The Viterbi decoder may be decomposed into several primitive elements; 

• Read Input Symbols 

• Compute Branch Metrics 

• Update Path Metrics 

• Determine maximum-likelihood path through the trellis (traceback) 

2.3.1 Read Input Symbols 

The input to the Viterbi decoder consists of either single or multidimensional symbols. For the 
example of this paper, we assume a rate 1/4 convolutional encoder whose outputs are transmitted 
independently over a BPSK channel. The four outputs of the convolutional encoder compose a single 
four-dimensional orthogonal signal. Because the four outputs are transmitted independently, they are 
orthogonal to each other and the AWGN channel noise model may be applied independently to each of the 
four outputs of the composite symbol. 

In some systems such as IS-95 or lS-2000. symbols are replicated and transmitted redundantly. 
The design example of this paper assumes that the symbol replication method is not employed. If a 
communications system uses this method, the composite components of the symbols should be combined 
before they are forwarded to the branch metric circuit. The core of the model shown here will work with or 
without symbol replication, only the input circuit will be effected. 

2.3.2 Branch Metric Computation 

The branch metric is used to determine the maximum-likelihood probability that the received symbol 
is the same as the transmitted symbol for a given state of the convolutional encoder. Since the state of the 
encoder is not known for every received symool, branch metrics need to be calculated for each of the 2*^''' 
states. 

For the symbol received, Yp, at time n, the branch metric for state k is defined as the squared 
Euclidean distance between and the expected signal, Xkm. For BPSK, Xi<m (m = encoded data bit = 0,1) 
is assumed to take the values of either -1 or +1, respectively. For a single dimensioned BPSK symbol, the 
squared distance calculation for the branch metric at time n for information bit m, is given^by: 

BMn(k,m) = (Yn - \n^f = Yn^ -2YnXkm + X^^^ 
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BMn(k.O) = (Yn - Xo)2 = Y^^ +2Y„ + 1 

BMn(k.1) = (Yn-Xi)2 = Y„2-2Yn + 1 

One should note that the Y^^ term is common to both of the branch metrics for a given received 
symbol and the X^^ term is always equal to 1 . Since the Yn^ + X^m^ term can be considered a do offset, and 
the -2 term is a constant scaling factor, the branch metric is then reduced to: 

BM„(k,m) = -Y„XtaT, 

BIVln(k,0) = +Yn, 

BM„(k,1) = -Y„ 

For the example of the rate 1/4 encoder defined in Figure 2-1 , the four encoded symbol bits, Cq - C3, 
are mapped into four separate BPSK symbols that are transmitted independently. Because the BPSK 
symbols are independent, there noise components are also independent and the AWGN model for the 
channel is still valid. When four independent BPSK symbols are combined into a single four-dimensionai 
symbol for the Viterbi decoder, the branch metric becomes: 

BMn(k,m) = S[(Yni " ^mi)^]. {'=0, 1, 2. 3} = {Y^o - X^q)^ + (Ym - X^^f +(Yn2 - X^z)^ -^-CYnS " ^^3)^ 

which reduces to: BMn(k,m) = -YnoXmo + -YniXmi +-Yn2Xm2 ^-Yns^ms 

Since X^i can only take the values of -1 or +1 , the branch metric is reduced to the sum or difference 
of each of the four received composite symbols Yno - Yn3. 

2.3.3 Path Metric Computation 

To understand how the convoluttonal encoder changes state from one symbol interval to the next, 
we may look at the convolutional encoder in Figure 2-1 , where the state of the encoder is defined by the bits 
in registers SO through S7. Upon the rising edge of the symbol clock, a new infomnation bit is shifted into 
state variable SO, and state variables S1 through S6 are shifted into state variables S2 through S7. This 
translates into two possible state transitions from each state k, depending on the value of the information 
bit i: 

If 1=0, nextstate = 2k 
If 1=1, nextstate = 2k + 1 
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To show the 256-state convolutional encoder state transition graph of the encoder outlined in this 
design example is impractical. For illustrative purposes, Figure 2-3 shows the state transition graph of a 
similarly structured sixteen-state convoiutional encoder. 



Figure 2-3. 16-State Convolutional Encoder State Transition Graph 




For each received symbol, the path metric is calculated for each of the 2*^'^ states to determine the 
maximum-likelihood probability that the convolutional encoder is in a specific state. This is done by 
calculating the minimum energy path into each state and updating the metric. For each state there are two 
possible paths into that state. 

To define the input paths into a given state, the floor function, LxJ, must first be defined. The floor of 
a positive rational number Is the closest whole integer less than or equal to the number. For example L2.7J 
= 2 and LsJ = 3. For each state k there are two possible input paths: 

state k previous state path 1: state Lk/2j 

state k previous state path 2: state lk/2j + 2^-^) mod 2'^-^ 

The circuit updates the path metrics by calculating the path metrics for both of the possible paths 
into a given state and selecting the one with the lower value. Lower path metric values are associated with 
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a received symbol being closer to the predicted transmitted symbol. The path metric PM(k), for state k is 
defined as: 

New path metric = P!VI(k) = MINiMUM(A, B), with 

A = path metric path 1 into state k:(PM(Lk/2j + BMn(Lk/2j,m)) 

B = path metric path 2 into state k:(PM((Lk/2j + 2*^-2) mod 2^-^)+BMn{ll</2j + 2^-^) mod 2'^-''),m) 
where m=0 for k=even and m=1 for k=odd 

The path metric update circuit does an add, compare, select (ACS) function of the two previous path 

metrics. 

2.3.4 Determine maximum-likelihood path through the trellis (traceback) 

This decoder design uses a new technique to pickup the maximum-likelihood path through the 
convolutional encoder's trellis. Before the new algorithm is discussed, the traditional method is reviewed for 
comparison. 

2.3.4.1 Traditional Viterbi Traceback Algorithm 

The traditional Viterbi decoding algorithm keeps a history of state pointers as it processes path 
metrics and determines the maximum likelihood state transition into each state. After the Lblqcklength'^ 
symbol is received and the path metrics are updated for each of the states, the Viterbi algorithm finds the 
state with the minimum path metric. The traceback pointer associated with this minimum path metric is 
examined to determine which state was the maximum likelihood state at the previous symbol interval. If the 
traceback pointer is 0, then the maximum likelihood state into state n is state Ln/2j. If the traceback pointer 
is 1, then the maximum likelihood state into state n is state ln/2j + 128). The Viterbi algorithm then 
examines the traceback pointer for state Ln/2 J or (Ln/2j +128), at time k-1 , to determine if the value of the 
traceback pointer for state n at time k is 0 or 1 respectively. This traceback procedure is repeated to traverse 
back through the trellis at least L^piACEBACK (^t 'sast three or four constraint lengths) units in time in order 
to ensure convergence of the traceback path with the optimal path. At this point a single data bit is decoded 
and sent to the output circuit. The algorithm may be altered where several symbols are picked up, but the 
serial process of the reverse traversal through the trellis is still required. 

To aide block Viterbi decoding, Ljail zeroes (tail bits) may be transmitted at the end of the block of 
Ldata <^3ta bits to guarantee that the convolutional encoder returns to state zero at the end of the block of 
length Lq^ta + ^tail- While transmitting the tail bits eliminates having to search for the minimum energy state 
at the end of the block, the trellis stiil must be traversed backwards in order to determine the maximum 
likelihood transmitted bit sequence. Since tracing back from one state to the previous- depends on the 
present state, this process must be repeated Ld^ta Ltail iirnes until all of the transmitted bits are 
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determined. Even for the simpler case of bloci< decoding, the-Viterbi algorithm's traceback operation is a 
serial process and does not lend iteelf to a faster, parallel implementation. 

2.3.4.2 Improved Maximum-Likelihood Path Detection Method 

The traditional Vtterbi traceback algorithm discussed above is a serial process and cannot be 
implemented in a highly parallel fashion. Even when the branch metric and path metric circuits are improved 
with parallel implementations, the traceback process remains a serial process. The traditional Viterbi 
decoding method updates the path metrics to find the maximum-likelihood state of the decoder and then 
traces back a single path through the trellis. This path corresponds to a specific transmitted bit pattern. The 
procedure for decoding points in the algorithm presented here is quite different. For simplicity, only the 
procedure for block decoding will be described. Similar operations can be performed to implement a 
continuous stream decoder. 

Rather than storing a single traceback pointer for each of the last Lqata Ltail in time for each 
of the states, the data bits for the maximum likelihood transmitted sequence for the last Wjp (Traceback 
Path Memory width) data bits are stored. The serial traceback procedure may be eliminated if a new data 
structure is added to the output of the add, compare, select (ACS) block, if instead of storing a single pointer 
in the traceback memory for each of the states, the entire optimal path leading up to that path is stored in 
the Optimal Path (OP) memory. As each symbol is received by the decoder, the OP circuit updates the 
optimal paths for each of the 2^'^ states. The OP circuit reads the optimal path of the state indicated by the 
traceback pointer generated by the ACS block. The bit corresponding to a transition from the best previous 
state to the given state is appended to the OP memory contents of the selected optimal path and then stored 
back in the OP memory. 

In a parallel implementation the OP circuit prefetches the previous optimal paths of the two states 
that precedes the state to be updated. The OP circuit uses the traceback pointer of the ACS circuit to select 
which of the two optimal paths is selected. Note that the two previous state OP memory addresses are the 
same as the previous state path metric memory addresses. The OP circuit may be implemented in parallel 
with the ACS block in order to share address generators for the OP and PWI memories. 

As each symbol is received, a new bit is appended to the OP memory. The OP memory contents 
grow with the addition of each new bit in the optima! path for each state. Since it is usually impractical to 
perform a read/modiiy/write operation on the entire history of an optimal path, the OP memory must be 
divided into workable blocks. 

2.3.4.2.1 Optimal Path (OP) Memory Update Algorithm 

The ceiling operator, fxl, is defined as the closest integer greater than or equal to the argument x. 
For example [2.2] = 3 and [5] =5. 
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The OP memory must be divided into practical word widtins. Let Wqp be defined astiie bit width of 
the OP memory. If a blocl< decoder of Lblocklencth tiits is inlplemented, there will need to be 
•-OPBLOCKS ~ r Lblocklencth^ Wopl blocks, of memory of length 2^'^^. The following C code updates the OP 
memory contents. 

void Update_OP_Memory (int TracebackPointer) 

tdefine NUMSTATES 256 

#define MEMORYWIDTH 32 

int NumBitsShifted = 0; 

int OP_Memory_Block_Index =0; 

for (ReceivedSyinbol=0;ReceivedSymbol<BlockSize;ReGeivedSymbol++) 
begin 

NumBitsShifted = NiamBitsShifted + 1; 
if (NumBitsShifted == MEMORYWIDTH) 
begin 

OP_Memory_Block_Index = OP_Memory_Block_Index + 1; 

NximBitsShifted = 0; 
end 
int state; 
int BestPath; 
begin 

for (state=0; state<NumStates; state++) 
begin 

if TracebackPointer 

BestPath = OP_Memory [state/2 ] ; 

else 

BestPath = OP_Memory[ (state/2 )+ (NUMSTATES / 2)] 
if ({state % 2) == 0)/* is the state even */ 

OP_Memory[ state] = BestPath « 1; 
else /* the state is odd */ 

OP_Memory [state] = BestPath << 1 | 1; /*append 1 to the shifted word */ 

end; 
end; 
end; 
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Figure 2-4. Optimal Path (OP) Memory Update Algorithm Block Diagram 
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2.3.4.2.2 Optimal Path Assembly Algorithm 

In order to simplify the explanation of the Optimal Path Assembly Algorithm, a block convolutional 
encoder is assumed. The algorithm will also worlc with a standard, streaming mode convolutional encoder 
with a few minor modifications to the block code version. 

The Optimal Path l\/lemory Update algorithm stores the transmitted bits of the optimal path leading 
into each state. If the path is longer than the width, Wqp, of the OP memory, Lopblocks words will be 
required to store the optimal path of each state. After all of the symbols in a block have been received and 
the path metrics and OP memories have been updated, the maximum-likelihood decoded bits may be read 
from the OP memories. 

In order to better understand state transitions, one should look at the structure of the convolutional 
encoder shown in Figure 2-1. Figure 2-1 shows that the information bits get shifted into the state register 
bits from the least significant bit up to the most significant bit. As long as at least K-1 bits have been 
processed through the encoder, the state register contains the last K-1 information bits. 

The decoded bits are read out of the OP memory starting with the most recently used OP block, 
which is denoted OPBLOCKlast- The first OP word is read from the OP memory location, 
OPBLOCKLAST('^'n_pathmetric), con-esponding to the state with the minimum path metric. If the 
convolutional encoder utilizes tail bits, as is the case with IS-95 and lS-2000 systems, the minimum energy 
final state is guaranteed to be state zero. 

If LgLocKLENGTH 's not an integer multiple of Wqp not all of the bits of the word in OP block 
OPBLOCKlast are valid, if the last location is not completely filled, only the Lblocklength % ^op 'east 
significant bits will be valid, where % is the modulus operator The modulus function returns the remainder 
when one integer is divided by another. To pickup the next Wqp maximum-likelihood decoded bits, we need 
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to know which state was the previous state to state OPBLOCKLAST('Tri'n_pathmetric). In order to better 
understand state transitions, one should look at the structiire of the convolutionai encoder shown in 
Figure 2-1. Figure 2-1 shows that the information bits get shifted into the state register bits from the least 
significant bit up to the most significant bit. As long as at least K-1 bits have been processed through the 
encoder, the state register contains the last K-1 infomiation bits. For a 2*^"^ state convolutionai encoder, the 
K-1 state bits correspond to the last K-1 transmitted information bits. We know that 
OPBLOCKLAST{iTi'n_pathmetric) is the final state of the memory, and that the bottom K-1 bits of 
OPBLOCKLAST(f^'n_pathmetric) are also the same as the K-1 bit number of the index of 
OPBLOCKLAST(m'n_Pathmetric). Therefore the previous state into 0PBL0CKLAST(minjDathm6tric) will be 
OPBLOCKLASj.i((OPBLOCKi^ST(ni'"-Pa*hmetric))IK:1] » 1). We repeat this process again to get the 
next Wop previous bits in the maximum-likelihood path. The maximum-likelihood previous state into 
OPBLOCKLAST-i(OPBLOCKLAST(bestpath)) will be 

OPBLOCKLAST-2((OPBLOCKLAST-i{f^in_pathmetric))[K:1] » 1). This process is repeated until ail of the OP 
memory blocks have been read. 

The following C subroutine describes the optimal path assembly algorithm: 

procedure Read_Optimal_Path () 
#define OPMAXBLOCK 256 
#define NUMSTATES 256 
tdefine OPINDEXMASK OxFF 
int OP_Mem[OPMAXBLOCK] [NUMSTATES]; 
int Block_Index; 
int OP_Block; 
int OutWord[OPMAXBLOCK] ; 
begin 

Block_Index = Find_Min_State (last_state) 

/* MinLastState = 0 for block encoders with tail bits */ 
for (OP_Block=OPMAXBLOCK; OP__Block=0; OP_Block — } 
begin 

OutWord[OP_Block] = OP_Mem[OP_Block, Block_Index3 

Block_Index = OP_Meiti[OP_Block, Block_Index] « 1 ^ | OPINDEXMA.SK; 
end 

end; 
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3.0 Viterbi Decoder Implementation 



The following sections detail the design of a Viterbi decoder with the modified traceback algorithm 
in the Chameleon Systems CS2112 programmable system-on-a-chip (PSOC) processor. These sections 
serve to both detail the design of the decoder as well as educate the user as to how to map large designs 
onto the CS2000 series of PSOC processors. The reader should refer to the Chameleon Systems CS2000 
databook for a detailed description of the CS2112 PSOC. 

3.1 Decoder Design Assumptions 



• The design is being mapped to a Chameleon Systems CS2112 PSOC. 

• A primary design goal is to maximize the performance of the decoder 

• A highly pipelined architecture is required to achieve maximum perfonnance 
The blocksize is defined such that no off-chip memory is required 

• The design is for the K=9, rate 1/4 convoiutionai encoder of Figure 2-1 

• The four symbol components of each encoder symbol is orthogonal 

• The transmission channel can be modeled with an AWGN noise model 

• The generator polynomials are defined in Section 2.1 

• The blocksize, LeLocKLENGrH- 's 256 symbols 

• The encoder sends 8 tail bits at the end of the block 



3.2 Decoder Design Partitioning 

Since the primary design goal is to maximize performance, the decoder will be designed such that 
it may draw from all of the CS2112 resources. The design will thus be mapped into all four slices of the part. 

3.2.1 Decoder Datapath Partitioning 

The decoder design is a memory intensive design. Storage is required for the branch metrics, path 
.metrics, and the optima! path memory. 

3.2.2 Decoder Control Partitioning 

hierarchical control partitioning 
distributed control 

redundant control required if in different slices to minimize global interconnect 
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3.2.3 Decoder Routing Issues 

3.3 Decoder Circuits 

3.3.1 Decoder Input Circuit 

number of bits and why 

3.3.2 Branch Metric Calculation 

number of bits, how are they stored 

3.3.3 Branch Metric Storage 

describe why the metrics were stored as they were,, to minimize read address generators 

3.3.4 Path Metric Memory 

3.3.5 Add-Compare-Select (ACS) Circuit 

3.3.6 Optimal Path Memory 

3.3.7 Optimal Path Memory Update Circuit 

3.3.8 Decoder Control Circuits 

3.3.8.1 Memory Address Generation Circuit 

3.3.8.2 Master Control Circuit 

3.3.8.3 Slave Control Circuits 

3.4 Decoder Device Utilization 

3.5 Decoder Performance 

3.6 Expanding the Decoder to Support IS-2000 
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3.6.1 Branch Metric Circuit optimizations 

For each received symbol at time n, the branch metrics BMn(k,0) and BMn(k,1) are needed to 
compute the path metric for each of the 2^'^ = 256 states. Since X^i can only be either -1 or +1 , we can note 
that there are only sixteen unique values of BMn(k,m). Rather than compute 512 redundant branch metrics, 
we store the sixteen unique branch metrics in LSM memories for later use. 

To detennine which branch metric equations are required at each Add, Compare, Select (ACS) 
butterfly circuit in the path metric circuits 

In order to minimize on-chip resources in the Viterbi decoder's branch metric calculation circuit, we 
can exploit the generator polynomial equations. It can be seen 

Branch Metric Circuit Implementation 

Figure 3-1. Branch Metric Calculation Circuit 
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3.6.2 Path Metric Calculation 

Figure 3-2. General ACS Circuit 
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Figure 3-3. CS2000 Path Metric Update Circuit 
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3.6.3 Traceback Path Memory Update 

The Traceback Path Memory (TPM) circuit assumes that the decoder has at least two Path Metric 
circuits operating in parallel. Recall that the best traceback path comes from one of only two for a rate 1/2, 
1/3, or 1/4 convolutional encoder. The TPM Update circuit fetches the last WTP bits from the two possible 
states feeding 

Figure 3-4. Single Traceback Path Memory Update Module 
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Figure 3-5, Dual Traceback Path Memory Update Module 
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